1. Introduction 14-3-3 proteins are expressed in every eukaryotic cell and regulate more than 300 binding partners. The interaction is ordinarily regulated by phosphorylation of serine or threonine residues in the R[SFYW]XpSXP (mode 1) or RX[SYFWTQ-AD]Xp(S/T)X[PLM] (mode 2) motifs (where pS and pT denote phosphoserine and phosphothreonine, respectively), but binding to nonphosphorylated ligands has also been reported (Obsil & Obsilova, 2011; . The binding motifs of 14-3-3 proteins are usually located in the disordered parts or in disordered loops of the binding partners of 14-3-3 proteins (Uhart & Bustos, 2014) ; therefore, only a handful of crystal structures containing 14-3-3 protein complexes are available. The most prominent examples are the structure of human 14-3-3 protein complexed with serotonin N-acetyltransferase (AANAT) and the recent structure of rice 14-3-3 in complex with florigen Taoka et al., 2011) .
There are at least two distinct modes of action of 14-3-3 proteins. Perhaps the more common one is the induction of conformational changes in targeted phosphorylated proteins (Obsilova et al., 2014; Rezabkova et al., 2010) , supporting the 'molecular anvil hypothesis', in which the rigid 14-3-3 protein mechanically imposes structural changes in target phosphorylated proteins (Yaffe, 2002) . Enzymes and proteins acting in signal transduction are usually regulated in this way. For example, in the best studied case of AANAT, 14-3-3 modulates the activity and affinity of AANAT by stabilizing a region of AANAT involved in substrate binding , which decreases the K m for 5-hydroxytryptamine (serotonin) and leads to enhanced melatonin production by Sequence similarity of yeast and human 14-3-3 proteins. A multiple sequence alignment of Lt14-3-3 with the seven human 14-3-3 isoforms (, , ", , , and ) and the Saccharomyces cerevisiae 14-3-3 proteins BMH1 and BMH2. The sequence identity of Lt14-3-3 to the other 14-3-3 proteins is given. Residues that bind directly to the phosphate group of the PI4KB peptide are highlighted in red and residues that directly bind the PI4KB peptide elsewhere are highlighted in blue.
Changing cellular localization is the other common mode of action of 14-3-3 proteins. For instance, upon binding to the transcription factor FOXO the 14-3-3 protein masks the nuclear localization signal sequence of FOXO transcription factors, which ultimately leads to cytoplasmic localization of FOXO, where it obviously cannot recognize its target DNA sequence (Obsilova et al., 2005; Boura et al., 2010) . Additionally, the 14-3-3 protein offers protection from dephosphorylation (Lai et al., 2011; Obsilova, Nedbalkova et al., 2008) . PI4KB (phosphatidylinositol 4-kinase B) is a lipid kinase that phosphorylates phosphatidylinositol at position 4 of the inositol ring (Boura & Nencka, 2015) , and the 14-3-3 protein has been shown to stabilize its lipid kinase activity via protection from dephosphorylation (Hausser et al., 2006) .
The structures of all human isoforms of the 14-3-3 protein and of several plant isoforms are known (reviewed in . However, the structure of the yeast 14-3-3 protein Bmh1 (brain modulosignalin homologue 1) has not been solved. We were motivated to solve the structure of the yeast 14-3-3 protein Bmh1 in order to obtain further insight into the evolution of 14-3-3 proteins.
Materials and methods

Protein expression and purification
The yeast 14-3-3 protein Bmh1 was amplified from the genomic DNA of Lachancea thermotolerans and cloned into a pST39 expression plasmid with an N-terminal His 6 tag and a TEV cleavage site. The protein was purified using standard procedures established in our laboratory (Baumlova et al., 2014; Boura & Hurley, 2012) . Briefly, the protein was expressed in Escherichia coli BL21 Star cells and lysed in lysis buffer (50 mM Tris pH 8, 300 mM NaCl, 20 mM imidazole, 3 mM -mercaptoethanol, 10% glycerol). Upon affinity chromatography the His 6 tag was cleaved by TEV (Tobacco etch virus) protease and Bmh1 was further purified on a Superdex 200 column (GE Healthcare) in SEC buffer (20 mM Tris pH 7.4, 100 mM NaCl, 3 mM -mercaptoethanol). The protein was concentrated to 8.7 mg ml À1 for crystallization trials with unliganded protein and to 5.4 mg ml À1 for crystallization trials with peptide-bound Bmh1. The proteins were stored at À80 C until use.
Crystallization and structural analysis
The unliganded crystals grew at 293 K in a hanging drop created by mixing 1 ml protein solution with 1 ml well solution (13% PEG 3350, 190 mM CaCl 2 , 3% glycerol) and equilibrated by vapour diffusion. The crystals were cryoprotected in well solution supplemented with 35% glycerol and were flashcooled in liquid nitrogen. They belonged to the orthorhombic space group P2 1 2 1 2 and diffracted to 2.0 Å resolution. To obtain the structure of the complex, PI4KB peptide was added in a fivefold molar excess. The crystals were grown in a sitting drop by mixing 220 nl protein solution and 220 nl well solution (18% PEG 3350, 180 mM magnesium acetate, 20% glycerol). The crystals were flash-cooled in liquid nitrogen. They also belonged to space group P2 1 2 1 2 and diffracted to 2.8 Å resolution.
Data were collected on the MX-14.1 beamline at BESSY , cut based on the CC 1/2 correlation coefficient and integrated using XDSAPP (Krug et al., 2012) . The structures were solved using molecular replacement in Phaser Structural similarity of yeast and human 14-3-3 proteins. Lt14-3-3 superposed on human 14-3-3. Lt14-3-3 is shown in yellow and 14-3-3 in blue. The r.m.s.d. value is 0.79 Å . structure was subsequently used as a model for the peptidebound structure. The structures were refined in PHENIX (Adams et al., 2010) and Coot (Emsley et al., 2010) to good R factors and geometry, as summarized in Table 1 .
Results and discussion
The sequence of the L. thermotolerans 14-3-3 protein (Lt14-3-3) is similar to the primary sequence of the Saccharomyces cerevisiae 14-3-3 protein and to all of the human isoforms (Fig. 1) . Therefore, as expected, the overall fold is the same. 14-3-3 proteins consist of nine helices (H1-H9) , where the subsequent helix always packs in an antiparallel manner against the preceding helix to create a central binding groove (Fig. 2) . The entire protein was clearly visible except for the loop between helices H3 and H4 (Lys70-Glu78), where no density was visible for side chains, and the final 19 C-terminal residues (Ser235-Glu253), which were not visible at all. Superposition of the Lt14-3-3 protein onto human 14-3-3 revealed high conservation of the ligand-binding groove and the dimer interface, while helices H7, H8 and H9 were somewhat shifted (Fig. 2) . The r.m.s.d. to the structurally closest homologue 14-3-3 (PDB entry 2btp; Yang et al., 2006) was 0.70 Å . It has been suggested previously that the C-termini of 14-3-3 proteins play an autoinhibitory role by occupying the central binding groove and competing with the phosphorylated binding partner (Silhan et al., 2004) . However, this has yet to be observed directly in a crystal structure. Given that L. thermotolerans is a thermophile and that proteins from thermophiles are often more rigid, we expected to find the C-terminus in the binding groove. However, we did not observe any density in the central binding groove. Thus, we were not able to crystallographically validate the autoinhibitory hypothesis of Silhan and coworkers.
Since the structure of 14-3-3 proteins has been remarkably conserved through evolution, we postulated that the yeast 14-3-3 protein might be able to bind human protein-derived ligands. Crystallography has become an increasingly utilized tool for analyzing ligand binding (Schiebel et al., 2016; Mejdrová et al., 2015) ; therefore, we synthesized a peptide derived from human PI4KB lipid kinase (289-LKRTA-pSNPKV-298) that is known to interact with the 14-3-3 protein in human cells (Hausser et al., 2005 (Hausser et al., , 2006 . The peptide was mixed with Lt14-3-3 in a fivefold molar excess and screened for crystallization. We obtained crystals that diffracted X-rays Human PI4KB phosphopeptide bound to the Lt14-3-3 dimer. One 14-3-3 monomer is shown in grey and the other in green. The PI4KB peptide is shown in stick representation.
Figure 4
Detailed view of the PI4KB phosphopeptide bound in the central Lt14-3-3 binding groove. Amino-acid residues involved in the interaction are represented as sticks; 14-3-3 is coloured grey and the PI4KB phosphopeptide is shown in stick representation. (a) The unbiased OMIT F o À F c map is coloured green and contoured at 3. (b) The 2F o À F c map is coloured blue and contoured at 1. well, albeit to a somewhat lower resolution than the unliganded crystals (2.0 Å versus 2.6 Å ). Upon molecular replacement, density for the PI4KB peptide was immediately visible; however, we could only model 292-TApSNPK-297 and the rest of the peptide was disordered. The binding mode was adequate for the binding of human 14-3-3 proteins to peptides (Fig. 3) , with an r.m.s.d. of 0.43 Å for the unliganded and bound structures. The interaction of the PI4KB peptide with Lt14-3-3 is mediated by ionic bonds between the phosphopeptide phosphate group and Arg58, Arg132 and Tyr133 of Lt14-3-3 and hydrogen bonds between Lys51, Asn229 and Trp233 of Lt14-3-3 and Asn295, Ala293 and Thr292 of the PI4KB phosphopeptide (Fig. 4) .
All of the residues that bind the PI4KB phosphopeptide are unequivocally conserved (Figs. 1 and 2) . This structurally explains why the yeast 14-3-3 protein is able to bind a human peptide. However, the density for the protein was not as well resolved as in a typical human 14-3-3 protein-human peptide complex and, furthermore, the crystals with the peptide bound diffracted to a 0.6 Å lower resolution, suggesting that ligand binding does not stabilize the Lt14-3-3 protein as would be expected. However, the binding mode is conserved and the structures clearly demonstrate high evolutionary conservation of ligand recognition by 14-3-3 proteins. We conclude that ligand recognition by 14-3-3 proteins evolved very early in the evolution in the common ancestor of yeast and humans and has been sustained throughout evolution. Unfortunately, even when using 14-3-3 protein from a thermostable organism we were not able to observe the C-terminus of the protein.
Notably, the C-terminus is not conserved at all, suggesting that its previously reported autoinhibitory function is likely to be a specific case that is valid only for the human 14-3-3 isoform.
